Running Title: Transposon-based random mutagenesis. ii.
Introduction
Generating molecular diversity lies at the heart of directed evolution (1-4). With an everexpanding directed evolution toolbox, different mutational approaches are required. These will access sequence space beyond that sampled by simple gene point mutations that ultimately restrict sequence, structural and functional diversity (1, 5, 6). Sampling randomly introduced point mutations severely limits the amino acid range that can be tested at a particular residue position as statistically only one base per codon will ever be mutated (4).
Furthermore, many traditional directed evolution approaches ignore mutations that alter the protein backbone. Such mutations, termed indels (insertion/deletion), are commonly observed amongst natural protein homologues (7, 8) and range from single amino acid deletions to the insertion of extended protein segments or domains. Mutation of the protein backbone changes the structure of a protein in a manner distinct to that of side-chain substitutions, sampling new conformational and hence functional space (9). Until recently, generating indel mutations for directed evolution libraries was a major challenge for the field. Rational site-directed approaches can be used but generally require detailed information regarding structure and function to guide mutagenesis. Even armed with such information, the local and global structural consequences of rational indel mutagenesis can be difficult to predict.
To address these challenges, a set of transposon-based approaches were developed to sample trinucleotide deletion (10, 11), trinucleotide replacement (12, 13) and domain insertion (14-16) (Fig. 1) . Each of these approaches relies on a common first step that ultimately defines genetic diversity sampled across a target gene and thus protein backbone:
transposition with an engineered version of the Mu transposon, termed MuDel (10).
The Mu transposon, or more accurately mini-Mu (17), is a DNA construct that can be inserted randomly into a target DNA sequence with high efficiency and accuracy but with low target site preference. Transposition is performed in vitro using the commercially available MuA transposase. To implement the various mutagenesis strategies mini-Mu is modified symmetrically close to both termini to introduce the recognition sequence for MlyI, a type IIS restriction endonuclease that cuts outside its recognition sequence. Placement of the MlyI sites within MuDel, in combination with the transposon insertion mechanism, results in the removal of 3 bp at random positions within a target gene upon MlyI digestion (Fig. 2) . Selfligation of the resulting DNA generates a library of proteins with single amino acids deleted at random positions.
Deletion of trinucleotide sequences opens up the possibility of their replacement with a new trinucleotide sequence and is the basis for trinucleotide exchange (TriNEx) ( (13) ; Fig. 2 ).
This approach uses the expanded amino acid range of site-directed saturation mutagenesis in combination with the broader sampling capacity of whole-gene mutagenesis. To implement TriNEx an additional DNA cassette termed SubSeq is used, which donates a new trinucleotide sequence back to the target gene. MlyI is used to achieve trinucleotide exchange by means of the mechanism outlined in Fig. 2 . The donating sequence in SubSeq is determined by the user and can be randomized (13) or defined (12). The latter has been used to perform non-natural amino acid whole gene directed evolution.
Domain insertion (18-20)
is a powerful approach to generate new protein scaffolds in which the functions of normally disparate proteins can be coupled generating new components for use in, for example, biosensing, synthetic biology and bionanotechnology. Domain insertion is achieved using the MuDel approach by replacing SubSeq with a DNA cassette encoding a protein segment of choice (14-16) (Fig. 1) . As well as sampling a variety of insertion positions across a target gene, the nature of the DNA cassette itself can form the basis of a mini-library (Fig. 3) . The ends of the DNA cassette can be modified to: (1) overcome reading frame artefacts due to cross codon deletion events during MuDel excision so increasing the diversity of insertion positions sampled; (2) vary the nature of the linking sequences between the host protein and the introduced protein segment/domain. 260/280 nm ratios after purification were estimated using a NanoDrop® ND-1000 UV-Vis spectrophotometer.
Methods

MuDel insertion library construction
Prior to transposition, clone the target gene within the multiple cloning site of pNOM or a pNOM-based vector (see Notes 7 & 8). 6. Isolate the two bands corresponding to fragments B and C and purify the DNA from the gel matrix using a QIAquick gel extraction kit (QIAGEN)
7. Ligate the two purified fragments using the Quick Ligation™ Kit (NE Biolabs) and transform into E. coli. As the two DNA fragments originated from the same restriction digestion they may be presumed to be equimolar, so use appropriate volumes of each fragment in the ligation reaction to sample from 1:1 to 3:1 insert to vector ratios. 
Construction of trinucleotide deletion library (TND)
The initial MuDel library constructed as outlined in 5. The library can now be screened to identify protein variants with desired properties.
Construction of a Trinucleotide exchange (TriNEx) library
The initial MuDel library constructed as outlined in 3.1 will be the basis for generating the TriNEx library. At this stage, all the variants present will be deemed to have MuDel inserted within the target gene.
1. Generate the SubSeq DNA cassette ( 9. Re-circularise the linear plasmid DNA (~50-100 ng) using T4 DNA ligase as outlined in Subheading 3.2.3.
Transform the resulting library as outlined in Subheading 3.2.4.
11. The library can now be screened to identify protein variants with the required properties.
Construction of a Domain Insertion library
The MuDel library constructed as outlined in Subheading 3.1 is the basis for generating the Domain Insert library. At this stage, all the variants present are assumed to have MuDel inserted within the target gene.
1. Construct the DNA cassette comprising the protein segment/domain insert by PCR using the Phusion High Fidelity DNA polymerase system (NE Biolabs). The general strategy for constructing the domain insert is outlined in Fig. 3 promoter to aid in-frame initiation codon cloning.
2. Versions of pNOM-XP3 are available with NcoI in place of NdeI.
3. Target protein expression can be leaky when using pNOM-XP3. We assume this is due to the mutated T7 promoter.
MuDel was generated from the commercially available Cam R containing Mu
Entranceposon present within the pEntranceposon plasmid (http://www.thermoscientificbio.com/mutagenesis/entranceposons/). MuDel was recloned back into the pEntranceposon plasmid within the BglII site. MuDel was removed from the plasmid for use in the mutagenesis procedure using BglII and separated from the plasmid backbone by agarose gel electrophoresis followed by gel excision and purification using the Qiagen QIAquick gel extraction kit.
We have tried using PCR amplified forms of MuDel but have found that BglII digested
transposon from plasmid gives by far the best results. 14. An additional step may be included at this point to confirm MuDel has inserted randomly 15. An alternate selection strategy to Subheading 3.1 items 5-9 can be used if a negative selection or screen is feasible. All the transformed E. coli cells can be plated on LB agar supplemented with chloramphenicol to select for clones containing MuDel within the host plasmid which are subsequently screened for target protein activity. μM IPTG (if using the pNOM-XP3 plasmid), and incubated for 24 h at 37°C. Step 5. Intramolecular ligation reforms the target gene but with one contiguous trinucleotide sequence replaced with another.
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